Spin currents resulting in the zero-bias spin separation have been observed in unbiased diluted magnetic semiconductor structures (Cd,Mn)Te/(Cd,Mg)Te. The pure spin current generated due to the electron gas heating by terahertz radiation is converted into a net electric current by application of an external magnetic field. We demonstrate that polarization of the magnetic ion system enhances drastically the conversion due to the spin-dependent scattering by localized Mn 2+ ions and the giant Zeeman splitting.
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PACS numbers:
The generation of spin currents in low-dimensional semiconductor structures recently attracted a great attention. Pure spin currents represent equal and oppositely directed flows of spin-up and spin-down electrons. By that the net electric current is zero. Spin currents lead to a spatial spin separation and, consequently, an accumulation of the oppositely oriented spins at the edges of the sample. Spin currents in semiconductors can be generated by an electric field, like in the spin Hall effect (for review see [1, 2] ) as well as by optical means under interband optical transitions in noncentrosymmetric bulk and low-dimensional semiconductors [3, 4, 5] . They can also be achieved as a result of zero-bias spin separation, e.g. by electron gas heating followed by spin-dependent energy relaxation of carriers [6] . So far in low-dimensional semiconductors pure spin currents have been reported for non-magnetic structures only. However, spin-dependent effects can be greatly enhanced by exchange interaction of electrons with magnetic ions in diluted magnetic semiconductors (DMS) like, e.g. (Cd,Mn)Te [1, 7, 8, 9] . Moreover, the strength of these effects can be widely tuned by temperature, magnetic field and concentration of the magnetic ions.
Here we report on the observation of the zero-bias spin separation in (Cd,Mn)Te/(Cd,Mg)Te QWs with Mn
2+
magnetic ions. We demonstrate that absorption of terahertz (THz) radiation leads to a pure spin current. The effect is investigated in an external magnetic field converting the spin separation into a net electric current. The application of a magnetic field to DMS structures results in the giant Zeeman spin splitting as well as in the spin-dependent exchange scattering of electrons by magnetic impurities. Both effects disturb the balance of the oppositely directed spin-polarized flows of electrons yielding an electric current. We demonstrate that the spin-dependent exchange scattering of electrons by magnetic impurities plays an important role in the current generation providing a handle to manipulate the spin- polarized currents.
We study spin currents on (Cd,Mn)Te/(Cd,Mg)Te) single QW structures grown by molecular beam epitaxy on (001)-oriented GaAs substrates [10, 11, 12] . The quantum wells were grown by a digital alloy technique [13] , i.e. by inserting evenly spaced thin layers of Cd 1−x Mn x Te during the growth of 10 nm wide CdTebased QW [ Fig. 1(a) Fig. 1(b) is typical for modulation-doped QWs [14] . The linewidth of 11 meV corresponds to the Fermi energy, E F , and is in good agreement with the transport measurements. In external magnetic fields this line shows a strong spectral shift to low energies, reflecting the giant Zeeman splitting of the band states in DMS [8] . This shift, shown in Fig. 1(c) , is strongly temperature dependent and is about 2.5 times larger than the giant Zeeman splitting of the conduction band states. The samples parameters are summarized in Table I . For the photocurrent experiments square shaped (5×5 mm 2 ) specimens with a pair of ohmic contacts centered on the sample edges along the direction x [110] were prepared [see inset in Fig. 1 
To generate spin photocurrents we heat an electron gas applying radiation of a low power continuous-wave (cw) optically pumped CH 3 OH laser operating at a wavelength λ = 118 µm and a power P ≈ 0.5 mW reaching the sample. In addition we used a high power pulsed NH 3 laser providing 100 ns pulses with λ = 148 µm and P up to 40 kW [15] . THz radiation with photon energieshω ≈ 10 meV is chosen to induce only free carrier absorption. The radiation is linearly polarized with the polarization vector aligned along the x-axis. An inplane magnetic field B y (up to 7 T) is used to align the Mn 2+ spins and to convert the spin current into a spin-polarized charge current. The geometry of the experiment is sketched in the inset of Fig. 1(d) . The photocurrent is generated at normal incidence of radiation in (001)-oriented unbiased devices and measured perpendicularly to the magnetic field. This experimental configuration excludes other effects known to cause photocurrents [6] . The radiation of the cw laser is modulated at 225 Hz. A photocurrent is measured across the 1 MΩ load resistance and recorded after 100 times voltage amplification by a lock-in amplifier. Whereas, in response to the pulsed radiation it is measured by the voltage drop across a 50 Ω load resistor.
Irradiating the DMS sample A with low power cw THz radiation we observe a voltage signal, U x , for non-zero magnetic fields [ Fig. 1(d) ]. The signal polarity reverses with the change of the magnetic field direction. The signal is detected in a temperature range from 1.9 to 20 K. As an important result we observe that a cooling of the sample changes the signal sign and increases its absolute values by more than two orders of magnitude. While at moderate temperatures the signal depends linearly on B, at low T we observed a saturation of the photocurrent with rising magnetic field strength [see the data for T = 1.9 K in Fig. 1(d) ]. Similar results are obtained for sample B [ Fig. 2(a) ]. Both temperature and magnetic field dependences are typical for magnetization of DMS due to polarization of the Mn spin system in an external magnetic field.
Our experiments demonstrate that THz radiation induced photocurrent in DMS is controlled by the exchange interaction of electrons with Mn 2+ ions. The well-known effect of the exchange interaction is the giant Zeeman splitting [8] , also detected in our samples by PL measurements [see Fig. 1(c) ]. At low temperatures the exchange spin splitting overcomes the intrinsic one. The energy separation of the spin-up and spin-down electron subbands in (Cd,Mn)Te reads [8, 13] where k B is the Boltzmann constant and µ B the Bohr magneton. Here the first term stands for the intrinsic spin splitting with the electron g-factor (g e = −1.64 [17] ). The second term is caused by exchange and contributed by the Mn 2+ g-factor (g Mn = 2) and the temperature of the Mn-spin system T Mn . Phenomenological parameters S 0 and T 0 allow one to account for the Mn-Mn antiferromagnetic interactions within the magnetic ion system. B 5/2 (ξ) is the modified Brillouin function of the argument in the brackets, N 0 α = 220 meV is the exchange integral for conduction band electrons and N 0 is the number of cations per unit volume.
It follows from Eq. (1) that the Zeeman splitting has a strong temperature dependence and reverses its sign due to opposite signs of g e and N 0 α. This explains the sign inversion of the photocurrent in Fig. 1(d) . However, while the photocurrent at T = 20 K already changes its direction compared to lower temperatures [ Fig. 1(d) ] the sign of the Zeeman splitting, detected by PL, remains the same [ Fig. 1(c) ]. We attributed this fact to the heating of the Mn 2+ spin system over the lattice temperature. Such an effect has been reported for DMS [18] . To check this assumption we investigate the power dependence of the signal. The inset of Fig. 1(d) demonstrates that at higher power the normalized signal decreases, indicating a reduction of the exchange effects due to an increase of T Mn . To make the effect of heating more pronounced we applied the radiation of a pulsed THz laser with an eight orders of magnitude higher power than that of the cw laser. The data at low power and high power excitations are shown in Fig. 2 for sample B. We observe that the substantial increase of the radiation power results in the change of the signal polarity at T < 15 K. Moreover, the drastic temperature dependence detected at low power excitation (Fig. 2(a) ) in the range from 4. 2   FIG. 4 : Model of the zero-bias spin separation and conversion of the pure spin current into a net electric current due to an external magnetic field. The zero-bias spin separation is caused by the scattering assisted energy relaxation of the electron gas heated by radiation. The spin dependent part of the scattering matrix linear in k and σ results in an asymmetric relaxation: transitions to positive and negative k ′ x -states occur with different probabilities. This is indicated by bent arrows of different thickness. Thus, the transitions yield an asymmetric occupation of both subbands and hence electron flows. Without magnetic field these flows are oppositely directed and equal to each other. The Zeeman spin splitting causes a preferentially occupation of one subband (the spinup states in the figure) and disturbs the balance. As a result the pure spin current is converted into a spin polarized electric current. In DMS at low temperatures the conversion is amplified by the giant Zeeman spin splitting and the spindependent electron scattering by polarized magnetic ions. If instead of the spin-up subband the spin-down subband is preferentially occupied the current direction is reversed.
to 22 K disappears and the photocurrent becomes almost independent of the sample temperature ( Fig. 2(b) ). The T -dependence under high power excitation is shown in Fig. 3 . The signal is about constant for T < 100 K and at higher temperatures it decreases with rising T . The signals in our pulse measurements are substantially higher than that at low power. As a result we obtain measurable signals at higher T as well as in the reference non-magnetic sample C (Fig. 3) . It is remarkable that at high power excitation absolute values and the temperature dependences of the DMS sample B and the reference sample C are very similar to each other. This fact indicates that the presence of Mn 2+ ions does not contribute to the current at this experimental conditions (high power excitation). Note, that the temperature dependence in Fig. 3 is also similar to that previously reported for non-magnetic semiconductors [6] .
We now turn to microscopic mechanisms responsible for photocurrent generation. In case of Drude absorption, photocurrents stem from spin-dependent asymmetry of the optical transitions accompanied by scattering and/or from energy relaxation [6] . Here we focus on the energy relaxation of electron gas heated by THz yielding a polarization independent photocurrent. While the first mechanism depends on the radiation polarization the latter one is polarization independent. Investigating photocurrent in DMS at low temperature we do not observe any polarization dependence. Therefore, the spin separation mechanism of interest here is based on the electron heating by THz radiation followed by energy relaxation. Usually, energy relaxation is considered to be spin-independent. However, in gyrotropic media, like CdTe-and (Cd,Mn)Te-based QWs investigated here, the spin-orbit interaction adds an asymmetric term to the scattering matrix element. This term is proportional to σ α (k β + k ′ β ), where σ is the vector composed of the Pauli matrices, k and k ′ are the initial and scattered electron wave vectors. Therefore, energy relaxation processes became spin-dependent. This is indicated for both spin subbands by bent arrows of different thicknesses in Fig. 4 . The asymmetry of the electron-phonon interaction results in the spin current: The oppositely directed electron fluxes in two spin subbands, i ±1/2 , are of equal strength and the total charge current is zero, j = e(i +1/2 + i −1/2 ) = 0. Here e is the electron charge. Nevertheless, a finite pure spin current J s = (i +1/2 − i −1/2 )/2 is generated. This leads to a spatial spin separation and spin accumulation at the sample edges.
The application of an external magnetic field introduces an imbalance between the fluxes i ±1/2 giving rise to a net electric current j = e(i +1/2 + i −1/2 ). An obvious mechanism of the magnetic field induced imbalance of the oppositely directed spin flows, also relevant for non-magnetic semiconductors, is related to the Zeeman splitting of electron states [6] . This process is sketched in Fig. 4 . Indeed, the fluxes i ±1/2 depend on the free carrier densities in the spin-up and spin-down subbands, n ±1/2 . Therefore, in a Zeeman spin-polarized system, where n +1/2 = n −1/2 , the fluxes i ±1/2 do no longer compensate each other yielding a net electric current. In DMS the electron Zeeman splitting is giantly enhanced due to the exchange interaction between free electrons and Mn 2+ ions. In the case of a low electron spin polarization, the equilibrium electron spin per electron is given by s = −E Z /(4Ē) and the net current caused by the Zeeman splitting is given by (see Appendix I)
whereĒ is a characteristic electron energy, which is equal to E F for the degenerated electron gas and k B T for the non-degenerated gas. The spin current is considered here as a function of the carrier density n e . In particular, for the Boltzmann statistics, where J s ∝ n e and n e ∂J s /∂n e = J s , Eq. (2) yields
For the Fermi distribution, the derivative ∂J s /∂n e vanishes if the spin current is caused solely by k-linear terms in the matrix element of the electron-phonon interaction and is non-zero if higher order in k terms contribute to the spin current.
Equations (2) and (3), showing that j Z ∝ E Z , explain together with Eq. (1) the most striking experimental result: The sign inversion of the photocurrent with decreasing temperature. Indeed, at high temperatures the last term in Eq. (1) vanishes and only the intrinsic Zeeman splitting is responsible for the effect. The temperature decrease results in the giant Zeeman splitting whose sign is opposite to the intrinsic one. Thus, the direction of the photocurrent determined by the sign E Z reverses.
This mechanism alone, however, does not explain the quantitative change of the current magnitude. It follows from the comparison of the temperature dependences of the Zeeman splitting of the electron subbands, estimated from the PL data and the photocurrents. Indeed, for sample B at B = 3 T and T = 4.2 K, the value of the giant Zeeman splitting is 2.6 meV. It exceeds by an order of magnitude the intrinsic Zeeman splitting of 0.25 meV. Whereas comparing the data obtained at the same magnetic field for 22 K, where only the intrinsic effect is present [16] , and 4.2 K we get that the current strength changes much stronger, by a factor of about 40 (see Fig. 2 ). This variation of the signal is caused by Mn-related spin-dependent properties of DMS only and is much larger than that of the Zeeman splitting [19] .
The mechanism, resulting in additional contribution to the conversion of the spin separation into the net current, is specific for DMS and is caused by the well known spin-dependent electron scattering by polarized magnetic ions [8] . In external magnetic fields, when the Mn ions are spin polarized, the scattering rate of electrons with the spins aligned parallel and antiparallel to the Mn spins becomes different [11] . This results in two different momentum relaxation times, τ p,+1/2 and τ p,−1/2 , in the spin subbands. Since the electron fluxes i ±1/2 are proportional to τ p,±1/2 , the polarization of Mn spins leads to a net electric current, j Sc . To obtain j Sc we assume that the momentum relaxation of electrons is governed by their interaction with Mn ion localized in QW. The corresponding Hamiltonian [8] is given by
where i is the Mn ion index, S i the vector composed of the matrices of the angular momentum 5/2, uδ(r − R i ) the scattering potential without exchange interaction, r the electron coordinate, and R i the Mn ion position. The electron scattering by the Mn potential determined by u is usually stronger than the exchange scattering determined by α. Note, that the parameter α in Eq. (4) is also responsible for the giant Zeeman splitting in Eq. (1). Then, for the case of |α| ≪ |u|, we derive (see Appendix II)
where S Mn is the average Mn spin along the magnetic field direction. We note that at low temperatures when DMS properties dominate the photocurrent both j Sc and j Z have the same direction because the average electron spin caused by the Zeeman effect is parallel to S Mn . The total electric current is given by the sum of both contributions j = j Z + j Sc . In the case of a full spin polarized electron gas due to Zeeman effect, which can be achieved in DMS in reasonable magnetic fields, the electron flow in one of the spin subbands vanishes. Therefore, the electric current becomes independent of the magnetic field strength and carrier statistics and is given by j = ∓2eJ s , where ∓ corresponds to ± sign of the Zeeman splitting.
To summarize, the electron gas heating in lowdimensional diluted magnetic semiconductors results in the generation of the pure spin current and correspondingly in the zero-bias spin separation. We show experimentally and theoretically that the carrier exchange interaction with localized magnetic spins in DMS giantly amplifies the conversion of the spin current into the electrical current. Two mechanisms are responsible for that, the giant Zeeman splitting of the conduction band states and the spin-dependent carrier scattering by localized Mn spins polarized by an external magnetic field. In weak magnetic fields for a degenerated electron gas the scattering mechanism dominates the current conversion.
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